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Introduction
Bardet-Biedl syndrome (BBS) is an autosomally recessive disorder characterised by rod-cone dystrophy, postaxial polydactyl, learning difficulties, hypogonadism, renal abnormalities and obesity. The prevalence of BBS in the UK population is estimated at 1:125 000 (Beales, unpublished data), although much higher rates have been observed in specific isolated populations where consanguinity is a more common phenomena, for example, 1:17 500 in Newfoundland, 1 1:13 500 in Arab Bedouins. 2 A substantially higher prevalence of obesity (BMI Z30kg/ m 2 ) is known to exist in subjects with BBS (52%) 3 compared to the general population (20%) 4 and it is assumed that this is likewise associated with serious comorbidities. The BBS Society (www.lmbbs.org.uk) has identified obesity as one of the most distressing features of the syndrome with frequent requests for help in its management (Parker, personal communication, 1996) . Despite such prominence, little is known of the aetiology of obesity in BBS, particularly in relation to energy metabolism. A clearer understanding of the factors underpinning energy dysregulation may allow the development of more appropriately tailored management strategies for use in this unique population as well as potentially providing greater insight into the aetiology of their obesity.
Previous energy balance research in a comparable genetic condition, Prader-Willi syndrome (PWS), may provide clues as to the underlying factors involved in BBS-related obesity. Research into energy metabolism in PWS was initially prompted by anecdotal reports of subjects requiring very low-energy intakes to facilitate weight loss; similar reports exist in BBS (Beales, personal communication, 1996) .
In one study, total energy expenditure (TEE), measured using doubly labelled water, was found to be 47% lower in subjects with PWS than those of obese counterparts ( 5 Other more recent work has confirmed these findings in PWS adults 6 and children. 7 Clearly, these findings have implications in the management of PWS obesity with substantially lower energy prescriptions required for weight loss and maintenance. 8 However, there are also reports of significant reductions in resting energy expenditure relative to controls; for example, absolute resting energy expenditure was 5.3671.18 MJ in PWS adolescents compared to 6.3871.55 MJ in matched obese controls. 7 Investigators have generally concluded that lower TEE did not reflect differences in energy metabolism, rather reduced absolute resting metabolic rate reflected abnormalities in body composition with lower fat-free mass (FFM) for age in PWS compared to unaffected subjects. 5, 6 Indeed when normalised for smaller FFM, the difference in RMR was reduced to 14%. 5 Subsequent research has confirmed an unusual ratio of fat free to fat mass (FM) in PWS. Total body analysis by dualenergy X-ray absorptiometry (DXA) demonstrated a significantly lower FFM in obese PWS subjects compared with normal weight, and obese nonaffected subjects, with a striking paucity of lean tissue in the limbs. 9 Likewise, a higher percentage body fat has been found in studies comparing PWS to obese controls 6,9,10 with excess fat atypically deposited in the distal limbs as well as the truncal region.
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Parallels between PWS and BBS are often drawn in obesity management with energy prescriptions and dietetic strategies for use in PWS commonly applied to weight management in BBS, but there is no supporting evidence for this practice.
To our knowledge, this is the first study to investigate energy metabolism in subjects with BBS. Measuring absolute resting energy expenditure, together with measures of physical activity, allows estimates of energy requirements and this has important clinical applications in the management of obesity in BBS. Measuring body composition may provide an insight into the possible aetiological factors involved in putative energy dysregulation in BBS. Finally, the assessment of reported energy intake and the macronutrient composition of the diet might provide some insights into the presence or nature of disordered eating in BBS.
Materials and methods

Study design and subjects
This case-control study measured resting metabolic rate, body composition, physical activity and reported energy intake in BBS subjects and nonaffected obese subjects matched for age, gender and BMI.
Ethical approval was obtained in December 1996 from the East London & The City Health Authority Research Ethics Committee. As all BBS subjects were blind or severely visually impaired, all study information was available on audiocassette as well as standard and large print paper format. In view of their learning difficulties, great care was taken, in the presence of a relative or care worker, to explain the study and ensure that consent was sufficiently well informed.
Subjects
A total of 24 subjects with BBS volunteered to participate in the study having being identified by the investigators (CG, PB) from a previously compiled database of 61 potentially eligible BBS adults. All subjects were screened to ensure that they met the diagnostic criteria for BBS, 3 and the study selection criteria: BMI Z25 kg/m 2 , age Z18 y, body weight 72 kg in the proceeding 2 months, no medical condition or medication that may influence body weight, fluid balance or metabolism (eg steroids, diuretics, sympathomimetics, thyroxine).
Four subjects with BBS did not meet the selection criteria and were excluded for the following reasons: diagnosed with type II diabetes (n ¼ 1), thyroid replacement therapy (n ¼ 2), and substantial weight change (n ¼ 1).
In all, 22 subjects matched for age, gender and BMI, but unaffected by BBS or other genetically defined syndromes associated with obesity, volunteered to participate following direct invitation and poster advertisement in the obesity clinic at the Royal London Hospital. Two subjects were excluded due to substantial weight loss in the previous two months and thyroid replacement therapy.
Measurements
Body weight and height were recorded with subjects wearing light clothing and no shoes. Body weight was measured using an electronic digital scale (Seca Alpha 770 series) with a capacity of 200 kg, accurate to the nearest 0.1 kg. Height was measured using Holtain wall-mounted stadiometer accurate to the nearest 0.5 cm. Waist circumference was measured at the midway in the midaxillary line between the lowest rim of the rib cage and the iliac crest. 12 Fat mass and FFM were estimated using the deuterium dilution technique to measure total body water. 13 Predose deuterium enrichment in body water was measured in a baseline saliva sample obtained from each subject using a salivette. The subjects were then given to drink, using a straw, approximately 0.35 mol 2 H 2 O in 100 ml water in a preweighed bottle. On completion, the straw was squashed into the empty bottle and the bottle reweighed. The time of deuterium dosing and the amount given were recorded. At 4 h after the dose, a second saliva sample was taken in the Energy metabolism and BBS C Grace et al research unit. Subjects were provided with a further two salivettes and requested to follow the same procedure to collect saliva samples at 5 and 6 h. A prepaid package was provided to return the samples, which were subsequently centrifuged and frozen. 2 H enrichment in the saliva samples was measured at MRC Human Nutrition Research, Cambridge, UK using isotope ratio mass spectrometry after equilibrium with H 2 gas as described elsewhere.
14 The 2 H 2 dilution space was calculated using previously published equations 13 and reduced by 4%
to account for the exchange of deuterium with nonaqueous hydrogen. 15, 16 It was further assumed that water accounts for 71.94% of FFM. Body fat was calculated as the difference between body weight and FFM. RMR was measured using the methodology previously published. 17 The Deltatrac II metabolic monitor was calibrated using automatic gas calibration and the flow selector set at the adult range. The measurement was performed early in the morning, in a quiet room on the research unit after subjects had fasted overnight (12 h or more without food, calorific liquid or cigarettes). Subjects were advised to wear light clothing and to relax on a couch prior to the start of the measurement having previously been familiarised with the equipment. Respiratory gas exchange was measured over 30 min.
Physical activity was measured using a CSA actigraph model 7164. Subjects were asked to wear the monitor from the time of rising in the morning until going to bed in the evening for 7 consecutive days. Collected data were expressed as activity counts per minute (cnts/min).
Energy intake was self-reported using a 7-day food diary, coincident with measures of physical activity. Subjects were asked to make detailed records of all food and drink at the time of consumption. 18 A modification of the standard food diary technique was necessary in BBS subjects due to their visual difficulties. Subjects recorded their food intake for a 7-day period using a dictaphone 19, 20 and the information was transcribed by the investigator (CG). It is recognised that this modification may have introduced additional random error. Portion sizes were estimated using household measures and if no portion size was available, average portion sizes were substituted. Diet records were analysed using Microdiet version 8 software for total energy, total fat carbohydrate and protein intake. The plausibility of reported energy intake was assessed using the Goldberg cut-off. 21 The mean reported EI (EI rep ) for the two groups was compared with expected PAL for the population. As error is inherent in the measurement of RMR, EI and PAL, confidence limits were calculated using the formula previously described.
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Only 16 out of 20 BBS subjects satisfactorily completed the deuterium dilution body composition assessment. Data relating to RMR adjusted for body composition are based on data from 16 BBS subjects and 20 control subjects. All other data are reported for all 20 subjects with BBS and their matched controls.
The precision of the isotope ratio measurements for the predose samples was 0.19 ppm sd at an average value of 151.6 ppm. Corresponding values for the post dose samples were 0.55 ppm sd at 291.9 ppm.
The precision of the FFM and body fat measurements was calculated as the average cv% of the values calculated from the 4, 5 and 6 h measurements of isotope dilution. Values were 1.1% for FFM and 1.8% for FM.
Statistical measurement
All statistical analyses were undertaken using SPSS version 10 (SPSS, UK Ltd).
Linear modelling was used to describe the mathematical relationship between the outcome variable RMR and other covariables such as age and gender and also to determine whether the diagnosis of BBS accounted for any differences in RMR.
In univariate analysis of variance, RMR was entered as the dependent variable, diagnosis and gender as factors, and age, FFM and FM as covariates. Interactions were also assessed between gender and body composition and group and body composition variables.
The independent t-test was used to determine whether any significant differences existed between BBS and control subjects in reported energy intake or the macronutrient composition of the diet. The mean EI rep :RMR for each group was calculated and compared with the Goldberg cut-off to determine the extent of under-reporting. Owing to the nonparametric nature of the activity data, the MannWhitney U-test was used to evaluate differences between levels of activity in the two groups. Table 1 illustrates the presenting characteristics of subjects with BBS and their matched controls. As planned, no significant difference was observed between the two groups in age, weight or height. No gender differences were found within the BBS or control group for weight, age, BMI or waist. Figure 1 illustrates that there was no significant difference in absolute RMR between BBS and control subjects (mean RMR Table 2 ). When RMR was corrected for FFM, there was no systematic difference in resting metabolism between the groups as illustrated in After removing the nonsignificant variables age and diagnosis from the analysis, the model explains 65% of the variance in RMR and includes the covariates FFM and FM and the factor gender.
Results
In addition to assessing the main effects of each factor, further analysis was undertaken to determine if there were interactions between factors. After appropriate adjustment, no differences were observed in the effects of FFM and FM on RMR between BBS and control subjects (F(1, 26) Incomplete data on physical activity were obtained from the actigraph and only measures from subjects with at least 5 days and a minimum of 9 h recording were included in the analysis. Data from five (13%) subjects were rejected. Of those subjects included in the analysis, the monitor was worn for an average of 14.571.43 h/day. A lower level of physical activity was observed in BBS subjects [median cnts/ min 259, IQR ¼ 153) compared to controls (median cnts/ min ¼ 306, IQR ¼ 119, P ¼ 0.02).
Energy intake data were critically evaluated using the Goldberg cut-off. The mean EI rep :BMR needed to exceed 1.43 Energy metabolism and BBS C Grace et al in BBS subjects and 1.42 in control subjects for dietary intake to be considered plausible during the recording period. 
Discussion
BBS is a syndrome where genetic abnormalities are considered primary factors in the development of obesity. Despite this, there is scant information on how this genetic predisposition is manifest in terms of physiological and biochemical abnormalities. The primary purpose of this study was to investigate energy metabolism in subjects with BBS. Since RMR is the main determinant of energy expenditure, measuring RMR provides a useful insight into estimated energy requirements in BBS. Owing to the well-recognised phenomena of underreporting of energy intake particularly in the obese, it is generally recommended that dietary weight management advice is based on estimates of energy expenditure rather than reported energy intake. 22 It is therefore important for health professionals involved in the management of dysmorphic obesity to be equipped with evidence-based knowledge of energy expenditure in this group. No substantial differences were found when comparing absolute RMR in BBS and obese controls (6.96, s.d. 1.56 MJ vs 7.19, s.d. 1.28 MJ, respectively) or after adjustment for body composition. This is in contrast with energy expenditure in PWS, where a substantially lower absolute RMR of approximately 20-50% has been observed. 23 The study design provides greater than 90% power to detect such a large difference if it had existed in BBS. Indeed, it was powered to detect differences in energy expenditure of greater than 717%, approximately twice the CV of resting metabolic rate in healthy individuals. However, it is recognised that the more subtle differences in resting energy expenditure between BBS and control subjects, of less than 17%, may not be detected. The relatively low metabolic rate in PWS is in part explained by proportional reductions in FFM, 5, 6 but no such differences in body composition between subjects with BBS and controls were observed in this study, despite the use of a reference method to measure body composition. The striking differences in energy expenditure between subjects with BBS and PWS suggest that comparable energy prescriptions are inappropriate. Given the similarity in body composition and REE between BBS and obese controls, this implies that the process for calculating energy prescriptions should be matched to those used in the general population. There is, however, some preliminary evidence of a lower level of physical activity in BBS relative to nonaffected obese subjects. Reductions in physical activity are plausible given the physical handicaps associated with BBS, and this may attenuate total energy requirements.
This case-control study has not specifically addressed the aetiological basis of obesity in BBS, but provides some important perspectives for future research. RMR was measured in subjects where obesity was already established and it cannot be ruled out that a reduced RMR may be involved in the early development of obesity in BBS. Data on physical activity cannot be converted into quantitative differences in energy expenditure, but they suggest that limited activityrelated energy expenditure may be an important determinant in the development of obesity in BBS.
Alternatively, any metabolic basis to obesity in BBS may be related more to the dysfunction of appetite regulation leading to hyperphagia and excessive energy intake than to abnormalities in energy expenditure mediated, for example, through sympathetic nervous system function or skeletal muscle metabolism. 24 It is interesting to consider behavioural theories affecting the control of food intake or physical activity. Various environmental and social theories have been suggested that may in part explain independent associations between learning difficulties and the development of obesity in other population groups. However, there is no comprehensive epidemiological data on the prevalence or aetiology of obesity in those with learning difficulties. There are certainly specific groups (BBS, 3 PWS 25 and Down syndrome 26 ) where a high prevalence of obesity and learning difficulties coexist, but it remains unclear whether this relationship is causal. Possible explanations include limited nutritional knowledge, the type of living arrangement and accompanying diet and activity patterns, the ethos around feeding practices, food restriction and activity or the reliance on others to supervise diet and exercise appropriately. [27] [28] [29] The findings from this study are important in the clinical management of obesity in BBS. It suggests that more research is required into the total energy needs of subjects with BBS, but at present steers health professionals away from advising very low-energy diets, as used in PWS. In PWS, diets of 4.18 MJ or less are commonly used, and applying similar guidelines to BBS would place subjects in substantial energy deficit and may compromise long-term compliance which is known to be improved with modest energy restriction. 30 Until data on TEE are available, it is more appropriate to use estimates of resting energy expenditure for the general obese population with an appropriate allowance for physical activity based on the individual circumstances and physical capabilities.
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